Introduction
In short-reach optical networks multimode fibre (MMF) and especially graded-index MMF (GI-MMF) is the medium of choice because of its ease of splicing. The bandwidth of an MMF is primarily limited due to the different propagation delay of each mode but it can be enhanced by selectively exciting different groups of modes and deploying them as independent communication channels. This is the objective of the mode group diversity multiplexing (MGDM) technique [1] . In the past there have been several efforts to multiplex signals over an MMF link by selectively exploiting the propagating modes. The relation of the far field intensity distribution with the spectrum of the excited modes in a step index MMF gave rise to angular multiplexing [2, 3] , while exploiting the ringshaped near field pattern (NFP) of tubular modes has been suggested as a way to apply mode division multiplexing in GI-MMFs [4] . The orthogonality of the modal field distributions was exploited in a modal multiplexing approach which uses holographic demultiplexing [5] . In these schemes the modal selectivity of the transceiver increased its complexity while mode mixing posed a limitation to the fibre length. MGDM is a multiple-input multiple-output (MIMO) technique that uses electrical processing of the output signals to recover the input ones. The signal processing unit can relax the requirement of modal selectivity, thus allowing a simpler transceiver design, as well as compensate for mode mixing. Simplicity and potential low cost of the MGDM transceiver are key issues since the method is meant for short-reach networks, e.g. fibre-to-the-home (FTTH). In this paper we propose an MGDM transceiver design for silica GI-MMFs.
MGDM system considerations
A simple way to selectively excite an MMF is by using a beam with mode field diameter much smaller than the MMF core diameter. We consider a transmitter that allows the simultaneous launch of N beams on the front facet of a GI-MMF under different radial offset and a receiver with M≥N annular segments detecting the NFP at the fibre output ( Fig. 1) . As it will be shown, this simple transceiver design is independent of the fibre length (for short-reach networks) and ensures high coupling efficiency for all the N input beams. There is an upper bound on the maximum number of beams (channels) due to the radius of the fibre and the minimum distance between two subsequent beams set by the MGDM transmitter module (e.g. a planar waveguide). The larger the number of receiver-segments (M) the higher the power splitting factor and thus the higher the power penalty introduced to maintain a required signal-tonoise-ratio (SNR). Setting M=N minimizes this effect. The analysis presented here is for N=3 but it can be applied for any NxN MGDM system.
Transceiver design for a 3x3 MGDM system
In our investigation of a 3x3 system we used a standard 62.5/125µm silica GI-MMF, with central numerical aperture (NA) of 0.275. The transmitter and the receiver considered are illustrated in Fig. 1 . A computer controlled set-up with four translational motorized stages was used to selectively excite the GI-MMF under radial offsets of 0, 13 and 26µm (Fig.  1) . A 660nm laser diode pigtailed to a 1m single mode fibre with mode field diameter of 4.2µm and NA=0.12 was used. The NFP that each beam yields for three fibres of lengths 1m, 75m and 1km was observed with a microscope and a CCD camera and is illustrated in Fig. 2 . The laser was operating above threshold and the 75m and 1km fibres were placed on a drum of diameter 15cm. The NFPs exhibit a circular disk shape whose diameter shows very low dependence on the fibre length. The speckles observed become less strong for longer fibres since the differences among the mode propagation delays exceed the coherence time of the laser.
An NxN MGDM system can be described by an NxN transmission matrix whose coefficients are the impulse responses of the i th output to the j th input. In the case of an in-house transparent system the transmission matrix coefficients are real numbers (c ij ) expressing the portion of the optical power transmitted by T j and received by R i [6] when linear superposition of the near field intensity distributions due to each transmitter is assumed. If I j (r,φ) is the intensity profile of the NFP (due to T j ) then presented in the form c ij ={75m(1m,1km)}. The radii r i of the receiver segments (R i ) have been selected to match the radii of the NFPs. In particular, the point where the intensity drops to the 1/e 2 (~13.5%) of its maximum value was selected to determine r i (Fig. 3) . The very low variation of r i with the fibre length allows for a fibre-length-independent receiver design by choosing an average value of r i . It would be possible to reduce the crosstalk among the channels by introducing to the launched beams (T i ) an angular offset consistent with the launch of helical rays [7] aiming to a donut-shaped NFP rather than a circular one. In the case of the investigated 3x3 system this could apply only to T 2 (for T 1 the required angular offset is zero) since T 3 is very close to the core-cladding interface and thus the coupling efficiency would be dramatically reduced. Fig. 4 illustrates the angular offset (θ o ) that corresponds to a helical ray in the case of a parabolic-index MMF as well as the largest θ o that can be introduced in order to maintain 100% coupling efficiency (η). The latter has been estimated by considering the beam as a cone of NA 0.12 and finding the maximum θ o that still keeps the beam within the local NA. Furthermore, the helical rays launch increases the transmitter complexity while yielding donut-shaped NFPs for very short fibres (a few tens of metres). 
Maximum θ o (dashed line) that maintains 100% coupling efficiency (η).
It is evident (Fig. 2 ) that mode mixing is limited in the MMF under test. Even in the case of a 1km long fibre we have been able to clearly observe the lower order modes. Longer fibres may be used with MGDM taking into account that mode equilibrium in high quality silica MMFs is not reached for several kilometres.
Crosstalk among the channels, as well as the signal processing of the output signals (e.g. matrix inversion), result in a power penalty in the order of 6.2dB as estimated in [6] .
Conclusions
An MGDM transceiver design for glass GI-MMFs has been proposed characterized by simplicity, fibrelength-independency (for short-reach network applications) and high coupling efficiency.
